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Dr. C.E. Moss, Mr. P.R. Gardner and myself. Use of the IBM 1800 data 
acquisition and control system in the Department of Nuclear Physics was 
made for the data analysis. All work in this thesis was done under the 
supervision of Dr. R.H. Spear.
I would like to thank all the members of the Department of Nuclear 
Physics for their help and assistance during my stay here. Special thanks 
goes to Dr. R.H. Spear for his supervision. I am grateful to Mr. P.R. 
Gardner for his help and suggestions. I thank Professors J.O. Newton and 
E.W. Titterton for the opportunity to work in the laboratories. Finally, 
I thank the Australian National University for the award of a post­
graduate research scholarship.
No part of this thesis has been submitted for a degree at any other 
university.
F. Ahmad
ABSTRACT
The search for the lowest T = 2 state in i2C was made using 
isospin forbidden resonance reactions. The second chapter of 
this thesis deals first with charged particle reactions and 
then y-ray work is described. Decay of the lowest T = 2 state 
in 12C to the 16.6 and 16.9 MeV level of 8Be has been studied 
for the first time. No resonance was observed in these 
reactions in the investigations over Barnes' range. A higher 
excitation energy range was also covered, besides Barnes' range, 
both via charged particle and y-ray reactions. All the results 
in this higher excitation energy range were negative. Upper 
limits calculated for the resonance strength was found to be 
less than half of the previously reported value.
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CHAPTER 1
AN INTRODUCTION TO THE LOWEST T - 2 STATES
IN A=4n, T =0 NUCLEI z
1.1 INTRODUCTION
If the strong, non-electromagnetic forces between the nucleons are 
identical for protons and neutrons, then the state of a nuclear system 
may be characterised by an additional quantum number, so-called 
Isotopic or Isobaric spin quantum number. The starting point in this 
scheme lies in considering the neutron and proton as two different 
"charge states" of the same particle, which we call a nucleon. These two 
charge states of the nucleon are described by means of a new concept -- 
"the isotopic spin". In this scheme the particles are characterised by a 
new vector —  the isotopic spin vector t, whose absolute value is As 
for ordinary spin its projection along a preferred axis in isospin 
space can have two values. The value indicates that the particle is a 
proton and a neutron. The transition from neutron to proton is 
denoted by a change in the value of the projection from to The
projection of the total isospin on the preferred z-axis is equal to the 
neutron excess multiplied by since each neutron and proton
contribute to the projected value. The introduction of the new quantum 
number makes it possible to extend the classification system for the 
states of the two nucleon system. Since each of the nucleons has 
isospin %y according to the rules for adding quantum mechanical vectors, 
the vector sum of these must be equal to zero or unity. Hence all the 
states of the system can be divided into two groups, one for total 
isospin T * 1  and the other for total isospin T - 0 .
2An isospin T = 1  can have three values for its projection, the
projection T =-1 is to be associated with charge zero for the system,
the projection T =0  with charge +1 and T =+l with charge +2. It is z z
apparent that T = i can be realised by two neutrons, or two protons, or a 
neutron and a proton. Summarising we get
T = 1 T = -1z
=  0 
=  +1
where ^ (N - Z) .
The states T = 0 can have only one projection T^  = 0. Therefore
T = 0 T = 0 where T - % (N - Z) .z z
Since the z-component of the isospin, T , only varies between -T and +T, 
i.e. -T < T^ < +T, therefore a level of given T can occur only in the 
isobars for which this condition is satisfied, that is in a set of 
(2T+1) isobars, which we call an isospin multiplet. The maximum value
A
of T is y, where A is the number of nucleons in a set of isobars. The
numbers T and T^ are integer if A is even, half-integer if A is odd.
The minimum value of T is ^ for odd-A isobars and zero for even-Az
isobars, where A is the nuclear mass of the isobars. A nucleus,
determined by the two values, T^ and A can have stationary states for
I Awhich T ranges from T = |T j to -r-* The ground state is likely to be a
z z
state with T = IT I.1 z 1
1.2 ISOSPIN MULTIPLETS
There are (2T +1) independent nuclear states associated with 
isospin quantum number T belonging to different values of T^
(T = T,T-l,T-2,T-2,...,-T). This latter variable measures the difference 
between number of neutrons and protons in the nucleus and has the value 
h (N - Z), as has been mentioned earlier, for a nucleus with N neutrons
3and Z protons. The different associated with a particular T describes 
states of several isobaric nuclei. The quantum number T postulates the 
equality of the energy of the states of several isobars comprising an 
isospin multiplet. Two states of an isospin multiplet differ only by 
neutrons being substituted in one of the states for protons in the other 
states and vice versa. Thus the total angular momentum J and parity is 
the same for all states of an isospin multiplet.
1.3 ISOBARIC ANALOGUE STATES
The energy levels of a pair of mirror nuclei should bear a close 
resemblance if T is a good quantum number, and once the Coulomb energy 
corrections are made. The isospin T embodies as it were the relative 
insensitiveness in the energy levels of mirror nuclei towards the inter­
change of a proton with a neutron. Thus the energy states of the mirror 
nuclei 7Li and 'Be bear a close similarity to one another with respect to 
energy, spin and parity as can be seen from Fig. 1. These states which 
have a close resemblance to each other and are found in mirror nuclei are 
called "Isobaric analogue states". They have the same spin, parity and 
approximate energy but are found in different nuclei. During recent 
years the study of isobaric analogue states in light, medium-mass and 
heavy nuclei has rapidly increased and an immense amount of data, both 
theoretical and experimental, is available.
1.4 HIGH ISOSPIN STATES
In the past few years most of the groups of experimental physicists
have centred their research towards the observation and study of high
isospin states such as T « 3/2 states in T^ - nuclei and T-2 states in
T «0,1 nuclei. The main purpose behind the study of these high isospinz
states is to investigate the isobaric multiplet mass equation, and also
Fig. 1: Similarity in the level scheme of the isobaric mirror nuclei,
7Li and 7Be, indicating the occurrence of isobaric analogue states.
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4the observation of y-decay from these high isospin states would permit 
the study of the fundamental electromagnetic solution rules AT = 0,±1, 
violation of which should be a very sensitive means for study of 
admixture of differing isospin in these highly excited states. Also the 
particle decays of these T = 3/2 or T = 2 states are usually isospin 
forbidden, therefore observation of these decay modes also indicates the 
extent of isospin impurity admixed into these states.
Before going into a detailed survey of the high isospin states, i.e. 
T = 2, in T =0, nuclei (1 = 3/2 in nuclei are not discussed because
they lie outside the scope of this thesis), it is worthwhile to discuss 
the isospin multiplet mass equation, electromagnetic selection rules and 
isospin allowed and forbidden reactions.
1.4 (a) Isospin multiplet mass equation
The relationship among the masses of (21+1) members of an isospin 
multiplet has been previously discussed by Weinberg and Trienman (We 59) 
and by Wilkinson (Wi 64). It is based on the assumption that the wave 
functions of the members of an isospin multiplet can be regarded as 
identical and that any charge dependent forces (Coulomb plus nuclear) are 
weak and are of a two body character, and as such can be treated as 
perturbations. Then it can be shown that the nuclear mass is given by
M(A,T,T ) = a(A,T) + b(A,T)Tz + c(A,T)T^ (1)
where A is the mass of the isobar in a T-multiplet. Because the equation 
is quadratic we need at least an isospin quartet to test its validity. 
Therefore study of T * 3/2 or T»2 multiplets, which have four or five 
members respectively, provides us with an opportunity to verify the 
isospin multiplet mass equation.
51.4(b) Isospln selection rules for y-transitions
Isobaric spin selection rules have been treated in detail by 
Warburton (Wa 66), therefore only a brief summary will be given here.
(i) Electromagnetic transition between states are forbidden unless 
AT = 0,±1.
(ii) Corresponding AT = ±1 transitions in conjugate nuclei are identical 
in all respects.
(iii) AT = 0, El transitions in self-conjugate nuclei are forbidden.
(iv) AT = 0, ML transition strengths in self-conjugate nuclei are
expected to be on the average weaker by a factor of about 30 - 100 
than other typical ML transition strengths.
(v) Ml transition strengths between levels of the same T in self­
conjugate nuclei are expected to be on the average weaker by a 
factor of 100 than other typical Ml transition strengths.
1.4(c) Isospin allowed and forbidden reactions
If the isospin of the target nucleus and the reaction channel vector 
couple, in the case of a direct reaction, to give the isospin of the 
product nuclear state, the reaction is said to be an isospin allowed 
reaction. For example 22Ne(3He,a)21Ne (Ha 67), 11B(2He,n)13N (Ad 65) and 
5LhFe(p,t) 52Fe (Ga 64) reactions have been used to populate T = 3/2 and 
T = 2 states in the nuclei 2iNe, 13N and 52Fe respectively.
Two examples are given below to show how the high isospin state is 
populated via isospin allowed reactions by vector coupling of target 
nucleus isospin and isospin of the reaction channel.
T = h T = 0
(i) 22Ne ( JHe , a ) 21Ne
T = 1 AT = T = 3/2
(ü)
T =J$ T =
( P , t ) 
AT = 0,1
6
54Fe 
T - 1
52Fe 
T = 2 .
We see in the first case that 22Ne with T = 1 may vector couple with the 
reaction channel isospin T =% to excite T =3/2 levels in 21Ne, while in 
(ii) , the T = 1 of 54Fe couples with the (p,t) reaction channel with T = 1 
to enable population of the T = 2 level in 5^Fe.
1.4(d) Isospin forbidden reactions
A reaction is called an isospin forbidden reaction if a state of 
isospin is formed in the compound or product nucleus which should not 
have been formed from isospin conservation of the reactants. Many high 
isospin states are nowadays being observed and studied via isospin 
forbidden reactions. Black et at. (B1 69) observed the lowest T = 2 state 
in 8Be via the isospin forbidden reaction 6Li(d,p)7Li. If the reaction 
is forbidden in the entrance channel only, it is called "once forbidden" 
and if it is forbidden both in the entrance and exit channels, then it is 
known as "twice or doubly forbidden".
1.5 T = 2 STATES IN T =0  NUCLEI-------- ------ z — ------
The search for the high isospin excited states was first initiated 
by Garvey et at. (Ga 64) using the (p,t) reaction on 28Mg, 48Ti and 84Fe 
in which they observed the lowest T = 2 states of 24Mg, 44Ti and '2Fe 
respectively. These states were observed as sharp resonances and were 
considered to be the lowest T = 2 states of the nuclei mentioned above. 
Identification of the lowest T =2 states were based on factors such as 
the correct excitation energy, spin, parity and small width of the 
resonance (because of the isospin forbidden decay modes). The neighbour­
ing T = 1 states, if there are any, are usually not as sharp as these 
lowest T = 2 states.
71.5(a) T =2 states via isospin allowed reactions
The two nucleon transfer reactions have been used, with great
success, in the past few years, for the excitation of the lowest T = 2
states in =0 nuclei via isospin allowed reactions. These measurements
were based on the use of (p,t) and (p,-He) reactions with a T= 1 target
in order to excite these higher isospin states. The most common and
widely used was the (p,t) reaction channel which was used to populate the
lowest T = 2 states in T =0 nuclei with masses from 12 < A < 40. Howeverz “
(3He,n) reactions were equally successful and were used to observe the 
same T = 2 states in the case of 28Si, 2LfMg, 20Ne and [80 by other groups. 
In ®Be, no T = 2 state was observed via isospin allowed reactions.
1.5(b) T = 2 states via isospin forbidden reactions
The earliest observation of excitation of a T = 2 state in a T =0z
nucleus via an isospin forbidden compound nucleus reaction was by Riess
et at. (Ri 67) who observed the lowest T =2 state of 2uMg, using the once
forbidden reaction 2^Na(p,y)2^Mg, and the twice forbidden elastic
scattering reaction 23Na(p,p0)23Na. This state was first reported by
McGrath et at. (Me 67) in the isospin allowed 26Mg(p,t)2t^ Mg reaction.
The observation of the lowest T = 2 state in these reactions encouraged
other experimenters to investigate the high isospin states via isospin
forbidden reactions. The lowest T = 2 states in T =0 nuclei from massz
8 < A < 40 have now been reported in the published literature, with the 
exception of 38Ar. In the case of 12C, the results published by Black et 
at. (B1 70) seem to be doubtful and all attempts to excite this state via 
isospin forbidden reactions in the present work were negative (see 
Chapter 2 of this thesis). Furthermore the two recent re-investigations 
by Warburton et at. (Wa 72) and Hanna et at. (Ha 72) have shown negative 
results. Thus we can say that in i2C no T = 2 state has been observed
8except that reported by Black et at. via an isospin forbidden reaction.
Cerny (Ce 68) surveyed the lowest T = 2 states in =0 nuclei. More 
recently Caelli (Ca 71) has re-surveyed the situation and incorporated 
the latest values of the excitation energies for these states. He 
reviewed the lowest T = 2 states in the mass region 8 < A < 40 discussing 
each nucleus individually, that is, the reactions (isospin allowed and 
forbidden) used to populate these states, their correct excitation 
energies and particle and gamma widths of the resonance. The references 
given along with them are very helpful for extensive study of the 
particular nucleus in that mass region.
Table 1 shows a compilation of the work done so far in T^ = 0 for the 
lowest T =2 states via isospin allowed and forbidden reactions, with 
their latest excitation energies, the reactions in which they were 
observed, and appropriate references.
1.6 SURVEY OF THE LOWEST T = 2 STATES IN A = 4n NUCLEI
A brief summary regarding the lowest T = 2 state in A = 4n nuclei is
given below in order to sum up the experimental and theoretical work done
so far. Firstly nuclei in the p-shell will be discussed and after that
nuclei in the (s,d)-shell will be considered.
1.6(a) The p-shell
The first member of the group in the p-shell for A = 4n nuclei is * 8Be.
8Be: The search for the lowest T =2 state in 8Be was first made at
Minnesota via the 7Li + p reaction without much success (Ha 68). Barker 
and Kumar (Ba 69) in their shell model calculations predicted large 
deuteron width and suggested an experiment using a deuteron induced 
reaction. Black et at. (B1 69) looked for this resonance and found a
T
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definite anomaly in the 8Li(d,pj_) 7Li reaction. At the expected 
excitation energy this anomaly was also observed at several other angles. 
Nothing was seen in (d,po) excitation functions. This is a well 
established resonance and its excitation energy seems to agree well with 
that calculated from the 8He mass. No T =2 state in 8Be has been 
observed via isospin allowed reactions.
12C: Many people have tried in the past few years to locate the
lowest T = 2 state in 12C by means of a compound nucleus reaction without 
much success. This state was reported to be observed in an isospin 
allowed iMC(p,t)l2C reaction by Cerny (Ce 68) and Barnes et dl, (Ba 71). 
Barker and Kumar predicted proton and deuteron widths for this state.
The results obtained with ]1B(p,y) and 10B + d reactions did not show any 
anomaly. Black et dl, (B1 70) observed a weak anomaly at the same 
excitation energy in three separate 9Be(3He,YY) experiments which they 
claim is the lowest T = 2 state of l2C. Latest informations (Ha 72) and 
(Wa 72) on the re-investigations of the experiment reported negative 
results (for details see Chapter 2 of this thesis).
1 °0; The lowest T = 2 level in 180 was observed in an isosjpin 
allowed transfer reaction at Stanford (Ad 65). It has also been observed 
recently in deuteron and a-induced reactions. In the l4N+d reaction the 
resonance shows up in several channels and is particularly strong for 012 
(Ne 70). In a-induced reactions the anomaly shows up in the (a,a2 ) 
channel. The pg channel also shows strength. The evidence from the p- 
shell is that there exists no regularity in the partial widths of these 
T = 2 states. Some of these have proton widths and no deuteron width 
while others have deuteron width and no proton width. The data available 
for p-shell nuclei tells us about the decay mode of the state in each 
particular nucleus, bur it is difficult to find out the most favourable 
decay modes of these states in all the other A = 4n nuclei in the p-shell.
11
1.6(b) The s,d shell
Much experimental evidence has been published for nuclei in the s,d 
shell.
z°Ne: The lowest T = 2 state in 20Ne has been observed and studied
both via isospin allowed and forbidden reactions. The total width is 
about 2 keV. The value of r^r^/T from proton induced reactions (Sn 69) 
is about 1 eV.
21tMg: The lowest T = 2 state in 2HMg was first observed through a
compound nucleus resonance reaction by Riess et al. (Ri 67). This state 
has also been observed in isospin allowed reactions (Ad, 67, Ad 69). 
McGrath et al. (Me 67) populated this state using the (p,t) allowed 
reaction, at an excitation energy of 15.43±0.07 MeV and observed its 
decay into an isospin forbidden proton and a-channel. From the isospin 
forbidden capture reaction (Ri 67), was found to be ~ 1 eV and the
upper limit to the level width was assigned as 2 keV.
28Si: Two nucleon transfer reactions, 80Si(p,t)28Si (Me 68) and
28Mg(8He,n)28Si (Le 68) were done to locate the lowest T = 2 state in 28Si. 
The values of excitation energy = 15.206 ± 0.025 MeV (Me 68) and 
15.00 ±0.05 MeV (Le 68) were also confirmed by isospin forbidden 
resonance reactions 2uMg(a,y) 28Si and 2t+Mg(a,ao i)2HMg (Sn 69). From the 
a-capture reaction the resonance strength F^r^/r = 1.25 eV was calculated. 
The upper limit placed on the level width was 2 keV.
82S: The Berkeley group (Me 70) observed the lowest T = 2 state in
82S as the final state in isospin allowed reactions 8l+S(p,t)82S at an
excitation energy of E = 12.034± 0.040 MeV. Snover (Sn 69) populated
the state via isospin forbidden reactions, 81P(p,po)31P and 81P(p,y)82S
and found the state to be at E = 11.984 ± 0.004 MeV. The upper limit tox
the total width of the state was determined to be T < 2.5 keV.
12
3bAr: The isospin allowed (p,t) reaction was used to observe the
lowest T = 2 state in 35Ar (Ha 70) at an excitation energy of 
10.858 ±0.035 MeV. No resonance has been observed in isospin forbidden 
resonance reactions.
4QCa: The last member of A = 4n nuclei in this brief survey is 4°Ca. 
The lowest T =2 state in this nucleus has been located at an excitation 
energy of 11.978 ±0.025 MeV (Ha 70), via isospin allowed (p,t) reactions.
Complete results on the particle and y-decay of these high isospin 
states should lead to a better understanding of the charge independence 
of the nuclear forces. Also one hopes that the studies of the isospin 
forbidden processes may provide information about the form of nuclear 
charge-dependent interactions in nuclei, or at least about the wave 
functions admixed by these interactions.
13
CHAPTER 2
EXPERIMENTAL SEARCH FOR THE LOWEST T = 2 STATE 
IN 12C VIA ISOSPIN FORBIDDEN REACTIONS
2.1 PREVIOUS WORK
The lowest T = 2, J7T = 0+ state of i2C, was first reported to be 
observed in an isospin alowed reaction, l4C(p,t)12C, by Cerny (Ce 68).
The value of excitation energy for this state was given as 27.585 ±0.1 
MeV. Barnes et at. (Ba 71) did the same experiment and found the state 
to be at an excitation energy of 27.595 ±0.020 MeV and reported its width 
to be less than 50 keV. Before the present work was started, the only 
published article on the lowest T = 2 state of 1 2C via isospin forbidden 
reactions was that of Black et at. (B1 70) in which they claimed to see a 
very narrow resonance at an excitation energy of 27.585 ±0.005 MeV. The 
anomaly was observed in the study of the isospin forbidden reaction 
9Be(JHe,Yy)12C , looking at the coincident yield of two high energy gamma 
rays of energies 12.4 MeV and 15.1 MeV, using two Nal crystals of' 
dimensions 5" x 4" and 10"x 10" respectively, placed 180° apart. They 
covered the range of excitation energies from 27.530 MeV to 27.600 MeV 
covering the excitation energy predicted by Barnes, at 27.595 ±0.020 MeV. 
The 3He bombarding energies ranged from 1.670 MeV to 1.760 MeV. The 
anomaly appears at 1.748 MeV bombarding energy in a run with 6-8 keV 
resolution. This anomaly repeated itself two times in two more runs. An 
upper limit of F < 1.5 keV along with capture strength of /T = 8 ± 5
meV was reported. Besides the 9Be(3He,YY)i2C reaction in which they 
successfully found a candidate, Black et at. (ibid) also studied the 
reactions 10B(d,p), 10B(d,a) and 10B(d,YY) to locate this state but all 
the results for these reactions were negative. Solid state surface
14
barrier counters were used for the 10B(d,p) and l0B(d,a) reactions, while 
two 5" x 4" Nal crystals detected the 12.4 MeV and 15.11 MeV gamma rays in 
coincidence in their i0B(d,YY)i2C work. The large 10"x 10" Nal crystal 
which was used for the 9Be(% e ,yy)12C experiment improved the sensitivity 
of that successful experiment.
Prior to the present work the other (but unpublished) search for the 
lowest T = 2 state in 12C via an isospin forbidden reaction was by Snover 
(Sn 69), who looked for the state via the 11B(p ,y)1'2C reaction detecting 
15.11 MeV y-rays using a Ge(Li) detector at 90° to the beam axis. The 
range of excitation energies covered by him was from 27.290 MeV to 
27.850 MeV and corresponded to proton energies from 12.360 MeV to 12.975 
MeV. The target used was 4-5 keV thick for 12 MeV protons. No 
resonance was observed in the whole of the region investigated. He 
concluded from his negative results that the failure of the experiment to 
detect the level was due to the small proton entrance channel probability, 
r /r, which he reports to be < 3 per cent. From the yield curve the 
upper limit on the capture strength T^r^/T < 1.5 eV was placed.
The search for the lowest T = 2 state of 12C via isospin forbidden 
reactions was planned to study the level in this A = 4n nucleus following 
successful observation of other experimenters of the lowest T = 2 states 
in two other A = 4n nuclei, 8Be (B1 69) and 160 (Ne 70). Since particle 
decay of these states is usually isospin forbidden the observation of 
these high excitation energy states enables us to know the amount of T =0 
or T = 1 admixture in them. Also the gamma decay of T = 2 states in T^ = 0 
nuclei guides us to test the electromagnetic selection rules AT = 0,±1 
which, if violated, indicates the impurity of the state due to admixture 
of states with isospin differing by one or two units. Furthermore, lack 
of published evidence, and inconsistencies found in allowed and forbidden 
reactions, encouraged us to locate this level via a different isospin
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forbidden entrance channel. Observation of the level via the isospin
allowed reaction lHC(p,t)12C was reported by Cerny (Ce 68) at an
excitation energy of 27.5±0.1 MeV, but apparently their result was not
published. Then, at Caltech, Barnes (Ba 71) repeated the experiment and
reported the existence of the level at E =27.595 ± 0.020 MeV. Thex
experiment has been discussed in detail by Nettles (Ne 71) which shows 
that the experiments were done in a hurry because of the limited machine 
time available and no great care was taken for resolution and other 
factors contributing to the background. They also did not publish their 
results. Earlier attempts to locate this level at Minnesota (D.C. Weisser, 
pers. comm.) proved unsuccessful. The only published work regarding a 
successful search to the lowest T = 2 state in l2C via isospin forbidden 
reactions is that of Black et at, (B1 70), critical study of which 
reveals many flaws and discrepancies in their results, and are discussed 
here in detail.
As can be seen from the three sets of excitation functions done by 
Black et at, {ibid) the first run (a) was done with a 6 - 8  keV target and 
for 5000 pc of charge, while the last two runs (b) and (c) were done with 
a 2 - 3 keV target and charge collected were 9000 pc and 12000 pc 
respectively. From this one concludes that the target is about three 
times thicker in the first run as compared to the last two runs. But the 
text says that the target for (a) is about twice as thick as that for (b) 
and (c) which is not in agreement with what is written in the figure 
caption. The magnitude of the background supports a factor of 2 rather 
than 3. This can be calculated by comparison of the background in (b) 
with (a), i.e.
x X Q,
50 9000
50 X 5000 1.8
where x %
a a
background counts in runs (a) and (b)
charge collected in run (a)
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and = charge collected in run (b).
Also comparison of (c) with (a) gives us 2.4, which is nearer to 2 rather 
than 3. Leaving the target thickness aside, that is, irrespective of 
actual target thickness, one should expect background in (c) to be 1.3 
times larger than the background in (b) whereas from the figure it seems 
to be no larger. Also from (a) and (c) we find the ratio of the target 
thickness to be 2.9, but this makes the discrepancy between (b) and (c) 
worse when we get a ratio of about 2, despite the fact that these runs 
were taken with the same target. Since the background is the same in (a),
(b) and (c) the anomaly is expected to be about twice as high in (b) and
(c) as in (a), which is not in agreement with observation.
Caelli (Ca 71) stated that in order to excite the lowest T = 2 state 
in i2C a 3He beam of energy 1.748 MeV is required. This is not correct 
because 1.748 MeV 3He corresponds to =27.591 MeV in l2C and a 3He beam 
of energy 1.739 MeV is required to populate the level at 27.585 MeV which 
is 9 keV below the stated value. Thus, if the anomaly is at 27.585 MeV, 
the incident energy corresponding to it should be 1.739 MeV or if the 
incident energy is 1.748 MeV then the position of the anomaly should be 
at 27.591 MeV. The opposite is found in the figure. So many 
inconsistencies and discrepancies made their results doubtful 
and worth doing again. The aim of the present experimental search for 
the lowest T = 2 state in l2C was to check the doubtful results and 
inconsistent anomaly. The gamma ray and charged particle reactions were 
done to compare the upper limits on the partial widths. Besides 
repeating the work done by them, a higher excitation energy region, i.e. 
300 - 400 keV above the published value, was also investigated both with 
charged particle and gamma-ray reactions.
In this chapter the first part deals with the charged particle 
reactions in the Barnes’ range using the same geometry and configuration
17
as Black et at. The study of the decay of the level to the 16.6 and 16.9 
MeV level of 8Be is additional to the work reported by them. The second 
part covers the gamma-ray work in which a search for the state was made 
by looking at the second escape peak of the 12.4 MeV gamma ray in a 
singles spectrum using a 30 cc Ge(Li) detector at 0° to the beam 
direction. The higher excitation energy range with the charged particle 
and gamma ray reaction is also discussed in detail. The idea behind this 
search was to cover the possible values of excitation energies for the 
states calculated by Dr. Barker at A.N.U., based on shell model 
potentials and 12Be-mass. All the measurements are in Barnes’ range and 
higher excitation energy range, via charged particle and gamma ray 
reaction, were done using the 12 MeV Tandem Van de Graaff or the small 
2 MeV AK Van de Graaff accelerators here at A.N.U.
2.2(A) CHARGED PARTICLE REACTIONS: BARNES' RANGE
(a) 10B(d,p), 10B(d,a) reactions
The search for the state was first made through the 10B + d entrance 
channel. The value of E^ for the lowest T = 2 level given by Barnes is 
27.595±0.020 (Ba 71). So it was decided to cover 20 keV on either side 
of the quoted value. The measurement over Barnes' range consists of two 
sets of experiments, one for looking at the a-groups corresponding to 
16.6 and 16.9 MeV states of 8Be and proton groups from 1]B, and second 
for looking at a-groups from ground and first excited states of 8Be and 
observing the proton groups from 1lB at various angles.
From the theoretical calculations there is reason to believe that 
the lowest T = 2 state of 12C might decay significantly to the 16.6 and 
16.9 MeV levels of 8Be (F.C. Barker, pers. comm.). Since Black et at. 
did not study the a-particle groups corresponding to these states in 
their i0B(d,a) work we measured the excitation functions for these groups.
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The range of excitation energies covered was from 27.567 MeV to 27.608 
MeV (which corresponds to deuteron energies from 2.856 MeV to 2.906 MeV) 
and was incremented in 2 keV steps. The target used was self-supporting 
10B of thickness corresponding to a deuteron energy loss of about 3 keV. 
The 10B target thickness was measured by Rutherford scattering experiment 
and also confirmed by energy loss technique. The 51 cm diameter 
scattering chamber was used for these measurements. The ANU EN Tandem 
Van de Graaff accelerator provided the deuteron beam for the experiment. 
Alpha particles were detected at laboratory angles of 25° and 35° by thin 
70 ym surface barrier counters and a counter of thickness 700 ym detected 
proton groups at 150°. Aluminium foil of thickness 0.006" in front of 
the proton counter stopped particles other than protons. No resonance 
was seen in the analysis of the data of 16.6 and 16.9 MeV levels and 
proton groups.
The second set of measurements was done in order to look at the 
a-groups corresponding to the ground and first excited states of 8Be. 
Along with this, proton groups from ]1B were also detected at 24.5°, 52°, 
86° and 165° using thick surface barrier counters with aluminium foil in 
front of them. Table 2 gives the arrangement of the detectors, their 
angles, thickness and also the thickness of Al-foil in front of them. 
Despite the fact that a 90° analysing magnet was reported to have 
negligible hysterisis effect (Mo 67), the magnet was cycled, before every 
measurement, three times between 0 and 10 A with waiting period of one 
minute between each half cycle and then the magnet current was set for 
the lowest energy of that excitation function. The magnet current was 
never decreased during one complete set of measurements. The 51 cm 
diameter scattering chamber was again used in this measurement. This 
chamber permits arranging eight solid state counters at different 
distances from the target and can be rotated to any desired angle from
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Table 2: Solid state counter set-up for the
search of lowest T = 2 state in 12C
Angle ParticlesCounted Detector Type
Counter
Thickness (ym)
Foil
Thickness
24.5° Protons ANU #2 1680 0.006"
52° Protons ANU #3 1480 0.005"
86° Protons ANU #4 1200 0.005"o00<Nr-H Alpha ORTEC 120 No
165° Alpha ORTEC 120 No
165° Protons ORTEC 70 0.004"
outside. To obtain high resolution with solid state counters they were 
clamped to a colling ring and were cooled down to -20 °C, which helped in 
reducing the thermal noise thus resulting in improved resolution. These 
solid state surface barrier counters were held in special mounting blocks 
with defining slits in front of them. These blocks also had electron 
suppression magnets to suppress the secondary electrons. The defining 
aperture used in the present experiment was 0.5 mm thick tantalum of 
rectangular shape with dimensions 5 mm (vertical) *2 mm (horizontal). 
Counters were placed at six different angles inside the chamber. The 
a-particle counters were thin surface barrier type at 128° and 165° with 
no foils in front of them while proton counters were ANU thick surface 
barrier, with Al-foil in front of them and were placed at 24.5°, 52°, 86° 
and 165° (for details, see table 2). Data at all these angles were 
recorded simultaneously by a "routing mode" system linked to the IBM 1800 
data acquisition system. The working of this routing system has been 
reported in detail previously (Ca 71), therefore only a short description 
of its function will be given here.
Output pulses from each counter were amplified in an ORTEC 109A 
charge sensitive preamplifier and an ORTEC 410 linear amplifier with RC- 
pulse shaping time constant of 0.5 ys. The output was fed into an ORTEC
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408 biased amplifier in order to cut down the noise and the unwanted low 
energy part of the spectrum. After that the output from the biased 
amplifier for each of the counters was fed into both a linear summing 
amplifier and an analogue routing system which produced a logic pulse 
whose height corresponded to the counter whence the pulse originated.
The linear and logic signals were analysed separately in two inter­
technique ADCs which were interfaced to the IBM 1800. If logic and 
linear signals were presented the ADCs within a period of about 500 ns 
then the event was accepted by the interface for further analysis and 
routed into the part of the 1800 core appropriate to the logic pulse. In 
the present experiment, data were stored in six arrays of 256 channels 
each. After completion of data collection at one particular energy the 
data were transferred onto a magnetic disc and the core cleared. Fig. 2 
shows the block diagram of the system mentioned here. The numbers in the 
blocks are standard ORTEC model numbers.
A thin 10B self-supporting target (~ 2 keV for deuterons) was used. 
The ANU EN Tandem accelerator again provided the deuteron beam.
Excitation functions were made to cover the range of excitation energies 
from E ^ = 25.576 MeV to 27.622 MeV (corresponding to deuteron energies 
from 2.856 MeV to 2.918 MeV) and were incremented in 2 keV steps. At 
each energy 500 yc of charge was collected. In the whole region of 
investigation no anomaly was observed which could be ascribed to the 
lowest T = 2 state of i2C. Fig. 3 shows the excitation functions over the 
Barnes’ range for pg, p^, P2 and P 3 at four different angles and aQ and 
a1 from 8Be at the other two angles. It can be seen that the ratio of 
the differential cross-section has been plotted and data for pg, pi and 
P3 has been normalised to P2 « This was done because in charged particle 
resonance reactions, factors like target non-uniformities and changes, 
dead-time corrections and beam integration can possibly mask any weak
Fig. 2: Block diagram of "routing mode" electronics system used to
collect six particle spectra simultaneously. Numbers in boxes refer 
to ORTEC electronics modules. The abbreviations are explained as 
follows:
P.A. — Pre-amplifier
Amp — Linear amplifier
S.A. —  Summing amplifier
B. A. — Biased amplifier
Disc — Integral discriminator
Mono — Monostable circuit
A.D.C. — Analog-to-digital converter
Dl
P.A
109
AM P
410
B.A
408
DISC
Mono
LOGIC
Fig. 3: Ratio of differential cross sections for 10B(d,p) and 10B(d,a)
reactions in Barnes’ energy range for the lowest T = 2 state of 12C.
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resonance. Therefore use of the yield ratio of particle groups is a 
useful method for detecting weak resonances since such ratios are 
independent of many experimental uncertainties.
(b) 9Be(3He,p), 9Be(3He,d) reactions
After a detailed and thorough search in the 10B+d channel, the 
other channel left to look for the lowest T = 2 state of 12C was the 
9Be+ 3He entrance channel. Black et al. have examined this reaction 
channel and looked at 12.4 and 15.11 MeV y-rays in coincidence. They 
claimed to see this level, but they did not look at its charged particle 
decay. So 9Be(3He,p) and 9Be(3He,d) reactions were studied. The ANU 
2 MeV AK van de Graaff accelerator was used to provide the ^He ions.
5 pg/cm2 9Be on 20 pg/cm2 C, corresponding to an energy loss of about 
6.5 keV for 3He was the target used. Deuterons corresponding to ground 
and first excited states of 10B were detected at 45° using a 68 pm thick 
surface barrier counter while a 1480 pm thick counter recorded the proton 
spectrum at 150°. This counter had a 0.006" Al-foil in front of it.
Data for each energy were collected in Nuclear Data analysers, dumped 
into the IBM 1800 computer core, and transferred to magnetic discs. The
q -f*°He ion energies were varied in 2 keV steps from 1.728 MeV to 1.778 MeV, 
corresponding to E^ in i2C from 27.576 MeV to 27.614 MeV. Charge 
collected at each energy was 900 pc. Fig. 4 shows the excitation 
functions done and it can be seen that the whole of the region is quite 
flat and there is no anomaly in the whole of the Barnes’ range.
2.2(B) HIGHER EXCITATION ENERGY RANGE
The search for the lowest T = 2 state of 12C was extended to a higher 
excitation energy range, 300 - 400 keV above the values so far published 
for this state. This was done in response to a suggestion made by
Fig. 4: Ratios of differential cross sections for 9Be(3He,p) and
9Be(3He,d) reactions in Barnes' energy range for the lowest T = 2 
state of 12C.
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Dr. F.C. Barker (pers. comm.). He made calculations based on the mass of
1 9 Be and the average coulomb parameters from neighbouring isospin 
multiplets and found the value of for the lowest T = 2 state in 12C to 
be 28.877 ±0.150 MeV. Also from the calculations using a different shell 
model potential and from the position of the lowest T = 2 state in the 
neighbouring isobar 12B, he predicted values of for the lowest T = 2 
state in 12C ranging from 27.5 to 27.90 MeV. Summarising the values 
predicted by him for the possible location of the state from his 
calculation, we get as follows:
and
(i)
(Ü)
(iii)
(iv)
(v)
28.68 MeV 
27.61 MeV 
27.41 MeV 
28.01 MeV 
27.877 MeV
shell model calculations using different 
potentials.
based on 12Be mass.
Thus we can say that Barnes’ predicted value for the lowest T = 2 state in 
12C, that is 27.595 ± 0.020 MeV, is ~ 100 keV or so lower than the values 
calculated from 12Be-mass and average coulomb parameters from neighbour­
ing isospin multiplets and also is just at the lower limit of the range
calculated from 12Be mass and his own measurements of E for the lowestx
T = 2 state in 12B. No investigation in this higher excitation energy 
range or Barker’s range has been made so far except the work reported 
here.
Since Black et aZ. have covered only up to 27.650 MeV in the 1(^ B + d 
entrance channel, we decided to cover the region of excitation energies 
from 27.600 MeV to 28.00 MeV, which corresponds to deuteron energies from 
2.892 MeV to 3.376 MeV. The aim of this long excitation function run was 
to cover all the values given by Dr. Barker for this state. This region 
was covered with the same set-up used in the measurement over the Barnes' 
range. Proton counters were at 24.5°, 52°, 86° and 165° while alpha
23
counters were at 128°, and 165°. The set-up was according to that given 
in table 2. Other details are the same as described before. Charge 
collection at each energy was 100 pc. Fig. 5 shows the ratio of the 
differential cross-sections taken at four angles for protons and two 
angles for alphas in Barker’s range. The entire region seems to be very 
smooth and there is no sign of any anomaly due to a resonance.
The search for the level via decay to 16.6 and 16.9 MeV levels was 
not carried out because of the time factor involved in running over the 
entire region. Each spectrum in the first measurement (i.e. Barnes’ 
range) for 16.6 and 16.9 MeV levels took 30 minutes which means nearly 
ten days non-stop running if one has to explore the region. The same 
problem was associated with the 9Be + 3He reactions for the observation 
of dg and d^ from 10B and p q , Pi, P2 and P3 from 11B.
2.3 GAMMA RAY WORK
After exploring all the possibilities for the exact location of the 
lowest T = 2 state in 12C in the charged particle reactions via 10B + d and 
9Be+ 3He entrance channel, the search for the state was continued by 
studying the high energy gamma rays, after de-excitation from the lowest 
T = 2 state to the 15.11 MeV level. This was because the lowest T = 2,
J11 = 0+ level in 12C is expected to gamma decay strongly to the J11 = 1+ ,
T = 1 level at 15.11 MeV excitation energy which in turn decays
7T -J-predominantly to the J =0 , T = 0 ground state. The present experimental 
search for the level looked at the double-escape peak of the 12.4 MeV 
y-ray via 9Be(3He,y)12C reaction. The work here, again has been divided 
into two regions of investigation, each the same as before in the case of 
the charged particle reactions. The first attempt was to look into 
Barnes’ range while the second one corresponds to the search in high 
excitation energy or Barker's range.
Fig. 5: Ratios of differential cross sections for 10B(d,p) and 10B(d,a)
reactions in the higher excitation energy range.
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2.3(a) Barnes’ range
Investigation into Barnes’ range was done using a 30 cm3 coaxial 
Ge(Li) detector placed at 2 cm from the target at 0° to the beam 
direction. Doppler broadening as a function of angle and distance from 
the target were calculated and at 0° it is a minimum.
Thin targets (2-5) pg/cm2 of 3Be, corresponding to 3.5-5.5 keV 
energy loss for 3He, were evaporated onto 15 mg/cm2 layer of Au backing 
on a copper disc. The copper disc mounting provided for continuous 
cooling by cold water in order to keep the target cool during the 
excitation functions. Liquid nitrogen traps were used to prevent build­
up of carbon on the target. The electronics used were standard 
commercial* equipment. The date were collected in a 4096 multichannel 
analyser and were later dumped into the IBM 1800 computer for transfer to 
magnetic disc for permanent storage. The resolution of the 30 cc Ge(Li) 
detector was 3.2 keV for 6^Co y-rays. The ANU 2 MeV Ak Van de Graaff 
accelerator provided the beam. The system was calibrated with radio­
active sources: 60Co, RdTh and Am-Be. In addition to this, high energy 
neutron-capture gamma rays proved to be a very useful source for detector 
gain calibration. Neutrons originated from the nearby ANU 25 MeV 
cyclotron and capture gamma rays were detected by the 30 cc Ge(Li) 
detector placed on a steel table at a distance of approximately 50 ft 
from the cyclotron. The spectrum was collected for about half an hour 
and the y-rays with intensities sufficient enough for calibration 
purposes were observed. The following y-rays were used for calibration 
purposes:
* ORTEC 109A preamplifiers, 410 linear amplifiers, etc.
25
54Fe(n,y) 9299.5 ± 0.4 keV
56Fe(n,y) 7646.6 ±0.2 keV
7632.2 ± 0.2 keV
6019.4 ±0.2 keV
5921.4 ±0.2 keV
12C(n,y) 4946 ± 1 keV
^(n.y) 2224 ± 0.1 keV
Fig. 6 shows the calibration points obtained with the sources and capture 
y-rays. Beam current during the run was kept at about 1.5 pA, because at 
higher beam current the count rate in the Ge(Li) detector and electronics 
caused excessive pile-up. At each energy the charge collected was 6000 
pc. Knowing the Doppler broadening of 98 keV and 114 keV for 12.4 MeV 
and 15.11 MeV y-rays the position of the resonance was determined to 
within ±5 keV.
O “I"Excitation functions were done in 2 keV steps from °He energies 
ranging from 1700 keV to 1830 keV, which corresponded to excitation 
energies in i2C from 27.555 MeV to 27.652 MeV. The value given by Barnes 
for the resonance was 27.595 MeV, and for the whole of the excitation 
functions we did not see any anomaly due to the T = 2 state. Fig. 7 shows 
the excitation functions done in Barnes' range with arrows indicating the 
expected position of the resonance. The number of counts obtained after 
background subtraction are normalised to the charge collected and are 
plotted as a function of energy.
2.3 (b) Higher excitation energy range
As we did before in the charged particle reactions (that is the 
exploration of the region 200 - 300 keV above the published value to cover 
the values suggested by Dr. Barker), it was decided to investigate the 
region via 9Be(3He,y)12C reaction looking at singles y-ray at 0° to the
Fig. 6: High energy y-ray calibration from radioactive sources and
neutron capture y-rays from cyclotron using 30 cc Ge(Li) detector.
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Fig. 7: Excitation functions for the reaction 9Be(3He,y) in Barnes’
range.
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beam direction using a 30 cc Ge(Li) detector. Thin 3Be targets (4 ± 1) 
yg/cm2, corresponding to 5.0 keV for 3He, were used with 15 mg/cm2 Au 
backing. The copper disc onto which the target was evporated had the 
same form as that one used in the experiment over the Barnes' range.
This had provision for running cold water to keep the target cool during 
the run. Liquid nitrogen traps were used to prevent build-up of carbon 
on the target. Data were stored in the Nuclear Data analyser and were 
later transferred onto magnetic disc for permanent storage and analysis. 
The system was calibrated using the radioactive sources, 60Co, ThC" and 
Am-Be, and also the standard capture gamma rays by using the neutron flux 
from 25 MeV ANU cyclotron (details in last section). During the long run 
the gain was checked from time to time with the sources.
Excitation functions were made in 2 keV steps from in 12C from 
27.555 MeV to 27.930 MeV which corresponds to 3He energies from 1700 keV 
to 2200 keV. The charge collected was 2000 yc at each energy. The 
expected position of the resonance was known taking into consideration 
the Doppler broadening. Fig. 8 shows the excitation functions done in 
this big high excitation energy run. But all the results were negative 
since in the whole range covered there was no sign of any anomaly.
2.4 ACCELERATOR CHARACTERISTICS
After finishing the measurements in the charged particle reactions 
and gamma ray reactions it was decided to study the accelerator 
characteristics which were used in both types of work. The 
characteristics of the ANU 12 MeV Tandem accelerator has been done and 
discussed in detail previously (Mo 67), so only the experiments performed 
to study the ANU 2 MeV AK accelerator characteristics will be discussed 
here. The factors studied for this machine were: (i) temperature
dependence of the generating voltmeter; (ii) energy reproducibility; and
Fig. 8: Excitation functions for the reaction 9Be(3He,y) in the higher
excitation energy range.
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(iii) beam energy spread.
These characteristics of the accelerator were studied with the help 
of a resonance in 27A1(p,y)28Si at incident proton energy of 992 keV 
using a 60 cc Ge(Li) detector, and also by a 5" xA" Nal(Tl) scintillation 
counter. The 27A1 target, (25 ± 5) yg/cm2 thick, corresponding to an 
energy loss of less than 5 keV for 1 MeV protons, was made by evaporating 
aluminium from a tantalum boat at a distance of about 15 cm from the 
copper disc. Cold water circulation through the disc, during the run, 
kept the targat cool. Proton energies were varied in 2 keV steps from 
980 keV to 1002 keV and the y-rays were detected by a 60 cc Ge(Li) 
detector placed at 2 cm from the target and at 0° to the beam direction. 
Fig. 9 shows the 992 keV resonance obtained with it. The excitation 
functions for this resonance were done with the temperature ranging from 
26.5 °C to 31 °C. The same resonance was repeated, but because of carbon 
build-up on target the resonance energy shifted from 992 keV to about 
1004 keV. Therefore the target spot was changed and the same resonance 
was done again with a 5" x 4" Nal(Tl) scintillation counter. Fig. 10 
shows the 27A1(p,y)28Si resonance curve at =992 keV, taken at 
different room temperatures and on different days. From these graphs we 
can see that there is not much temperature dependence and also that the 
accelerator reproduced the resonance to the energy within ±2 keV. The 
beam energy spread from the curves also turns out to be less than 2 keV.
2.5(A) UPPER LIMITS FOR PARTIAL WIDTHS 
OF LOWEST T = 2 STATE IN I2C
Upper limits for the partial widths of the lowest T = 2 state in 12C 
were calculated from the theory of thick target yield (Fo 48) as modified 
by Snover (Sn 69). In Barnes' range we obtained partial widths which 
agreed well with the results of Black et at. (B1 70). The limits
Fig. 9: The 992 keV resonance in the reaction 27A1(p,y)28Si obtained
with a 60 cc Ge(Li) detector.
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Fig. 10: The 992 keV resonance in the reaction 27A1(p,y)28Si obtained
with a 5" x 4" Nal crystal.
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obtained from 10B(d,p) and 10B(d,a) work in this range are listed in 
table 3 along with Black et at. {ibid) results. The limits calculated 
from the data obtained in the higher excitation energy range are listed 
in table 4.
Table 3: Upper limits for partial widths of the
lowest T = 2 state in 12C in Barnes' range
Partial Width Upper Limit in eV
Present Black et al.
r, r /rdo PO 194 225
r. r„do PI 55 100
r j r /rdo P2 169 120
T. ^do P3 94 125
r, r /r do <*0 102 100
rd0rOl/r 406 300
rd0ri6.6/r 96 -
rd0r!6.9/r 123 .
Table 4: Upper limits for partial widths of the lowest T = 2
state in 12C —  higher excitation energy range
Partial Width Upper Limit in eV
r
r
r
r
r
r
do PO
dorpi
, rdo P2
, rdo P3
, rdo <*o
, rdo oti
/ r
/r
/r
/r
/r
/r
180
72
150
64
116
460
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Table 5 below shows the upper limit placed on the partial widths of the 
lowest T = 2 state in 12C, obtained from the 9Be(3He,p) and 9Be(3He,d) 
data.
Table 5: Upper limits on partial widths of the lowest T=2
state in 12C searched via 8Be+ 3He entrance channel — Barnes’ range
Partial Width Upper limits in eV
r3u F /r He Pi 46
rW P2'r 32
r3HeVr 87
r3HeVr 75
2.5(B) UPPER LIMITS ON 9Be(3He,y)12C DATA
As mentioned in section 2.3, the 9Be(3He,y)12C reaction was used to
search for the lowest T = 2 state in 12C and high energy gamma rays were
studied. To calculate T3tt T / Y and Y / V from the data obtained, oneHe y y
should know the efficiency of the Ge(Li) detector used in the experiment. 
Therefore, relative and absolute efficiency measurements were done using 
the well known resonance at =992 keV in the 27A1(p,y)28Si reaction.
2.5(C) RELATIVE AND ABSOLUTE EFFICIENCIES 
OF THE Ge(Li) DETECTOR
In order to deduce the partial widths and place an upper limit on 
the gamma-ray work, it was necessary to know the photopeak and double 
escape peak efficiency of the Ge(Li) detector as a function of gamma ray 
energy.
The relative and absolute efficiencies for a 60 cc Ge(Li) detector 
was measured using the 28A1(p,y)28Si reaction at E^ =992 keV resonance 
and 88Y radioactive source respectively. The first measurement, that is
the relative efficiency, was done using the 2 MV AK Van de Graaff 
accelerator at A.N.U. Each measurement is discussed separately.
(a) Relative Efficiency
The target used in this measurement was (25 ± 5) yg/cm2 thick 27A1 
which was evaporated onto a copper disc using a tantalum boat. The 
proton beam was provided by the 2 MV accelerator and the capture gamma 
rays were detected by a 60 cc Ge(Li) detector placed at 0° to the beam 
direction. The branching ratios used in the data analysis were taken 
from the data of Azuma et al. (Az 66). Table 6 shows the y-ray energies 
and their intensities. The 1780 keV y-ray was used for normalisation.
The spectrum on the resonance, i.e. at E^ =992 keV, was collected for 
2000 yc of charge. Gamma rays from 28Si were summed after background 
subtraction. Knowing the intensities of these gamma rays, relative 
efficiency curves for full energy and double escape y-rays were obtained. 
Fig. 11 shows a plot of the relative efficiency curve for the 60 cc 
Ge(Li) detector as a function of y-ray energy.
Table 6: Branching ratios in 27A1(p,y)28Si (Az 66)
30
E (keV)y Transitions (E. -E£) l f Branch (%)
1780 1780 - g.s. 94
2837 4617 - 1780 6.8
4496 6276 - 1780 4.4
4608 12540 - 7932 3.5
4742 12540 - 7798 8.5
6018 7798 - 1780 5.6
7923 12540 - 4617 5.0
10760 12540 - 1780 78
Fig. 11: Relative efficiency curve for 60 cc Ge(Li) detector obtained
using the 27A1(p,y)28Si reaction at =992 keV.
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(b) Absolute Efficiency
The absolute efficiency of the 60 cc Ge(Li) detector was measured 
using a radioactive 88Y source of known strength. The absolute photopeak 
efficiency is defined as the ratio of the total counts from this source 
under the peak with energy E in time t, to the total emitted y-rays of 
energy E in time t. Thus we get
where = absolute efficiency of the detector,
Ng = number of counts under the peak, 
and N = total number of gamma rays emitted by the source with energy 
E in time t.
The Ge(Li) detector placed 2 cm away from the source detected the 1836 
keV y-rays from the 88Y source. The number of disintegrations per second 
from the source were previously calculated from the known strength of the 
source at the time of experiment. The value of e^, i.e. the absolute 
efficiency for this detector at 1836 keV was found to be 4.7%. Fig. 12 
shows the absolute efficiency curve obtained for this detector.
Besides measuring the absolute efficiency of the 60 cc Ge(Li) 
detector, the absolute efficiency for the 30 cc Ge(Li) detector was also 
measured in a similar fashion to that described for the first detector. 
The absolute efficiency was found to be 2.8% for the second detector, for 
1836 keV y-ray energy. The curve shown in Fig. 13 was drawn with the 
help of relative efficiency curve obtained for this detector by Carlson 
(Ca 70). The data taken with the 30 cc Ge(Li) detector, discussed in 
sections 2.3 (a) and (b) were normalised to 60 cc Ge(Li) data taken at 
Eg^^= 1750 keV. From the theory of thick target yields (Fo 48) the upper 
limit was calculated to be Tqtt T /T £ 3.2 meV and T3tt /T was found to be 
7.8 x 10~5 if T is of the order of 1 Weisskopf unit (1 W.u. is equivalent
Fig. 12: Absolute efficiency curve for 60 cc Ge(Li) detector obtained
using a radioactive source 88Y of known strength.
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using the 27A1(p,y)28Si reaction at =992 keV, by Carlson.
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to 41 eV in this case). The upper limit established for this T = 2 
resonance strength is 2/5th of the strength previously reported by Black 
et al. (B1 70).
2.6 RESULTS AND DISCUSSION
The results obtained from the charged particle and gamma ray
reactions studied to search for the lowest T = 2 state in 12C via
different entrance channels are tabulated in tables 3, 4 and 5. In the
i0B+d entrance channel the result seems to be in very good agreement
with those of Black et al. (B1 70) in the investigation over Barnes'
range. The upper limits on the partial widths in the higher excitation
energy range (which was not covered by Black et al.) seem to be of the
same order of magnitude as that obtained in Barnes' range. Decay of the
lowest T = 2 state in 12C to the 16.6 and 16.9 MeV levels of 8Be was
studied for the first time, over Barnes' range and upper limits for the
partial widths were calculated, viz. V ,  T ., ,/T < 96 eV anddq lo . o
^(^16 q/T $ 123 eV respectively.
The other isospin forbidden reaction channel was 9Be + 3He;
deuterons corresponding to the ground and first excited states of 10B
were studied. The lowest T = 2 state in 12C showed substantial decay
widths for do and d^ and upper limits to these widths were placed as,
viz. r 3„ I\ /r < 87 eV and r 3tr I\ /T % 75 eV.°He do He d^
From the gamma ray work upper limit * 3.2 meV was
established for the lowest T = 2 resonance strength. This is less than 
half the resonance strength given by Black et al. in their work for 
this level. However, the present result seems to be in agreement with 
the results from two recent re-investigations of the same reaction 
done by Black et al. (ibid). Warburton et al. (Wa 72) reported the 
resonance strength to be < 1.5 meV while Hanna et al. (Ha 72)
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calculated the upper limit to be < 2 meV. Hanna et at. claimed
the sensitivity of their experiment to be more than that of Black et at.
2.7 CONCLUSION
All attempts to detect the lowest T = 2 state in 12C as an isospin 
forbidden compound nucleus resonance have failed. Investigations 
regarding the search for this state by Black et at, (B1 70), Snover 
(Sn 69), Warburton et at, (Wa 72), Hanna et at. (Ha 72) and the present 
work in this thesis was carried out via different isospin forbidden 
reaction channels and various decay modes were studied, but all the 
results obtained so far by isospin forbidden compound nucleus reactions
77 -+■are negative. This is in contrast to the other known J =0 , T=2 levels 
in light even-even self-conjugate nuclei, which all have an appreciable 
decay width in at least one of the energetically open (but isospin 
forbidden) particle channels.
The failure to populate the lowest T = 2 state in 12C via isospin 
forbidden reactions gives an indication that the total width of the state 
is very small and also that this state does not have any isospin 
admixture of other T = 0 or T=1 levels in it, in other words we can say 
that the lowest T = 2 level is a very sharp level (because of all closed 
decay channels) and has very little isospin impurity.
In conclusion, we note that a tremendous amount of data, both 
theoretical and experimental, have proved to be very useful regarding our 
knowledge on high isospin nuclei and excited nuclear states. With the 
present rate of investigation for high isospin states in low, medium and 
heavy mass nuclei, one hopes that the rapid influx of informations on the 
locations, widths and decay modes of the high isospin nuclear states will 
shortly lead us to an improved understanding of the strength of the 
charge dependence of nuclear forces.
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